I. INTRODUCTION
Surface plasmon polaritons (SPPs), electromagnetic waves coupled to free electron oscillations at a dielectricconductor (e.g., noble metal) interface, are regarded as a critical photonic technology enabling to overcome the classical diffraction limit of light and control light at nanoscale. 1 These excellent characteristics of SPPs in metallic nanostructures contribute to the realization of highly integrated photonic devices in the visible and near-infrared regions, such as nanolasers, 2 logic gates, 3 nanosensors, 4 Schottky detectors, 5 and waveguide filters. 6 Recently, graphene as a relatively new material has exhibited fantastic features in electronics after it was successfully fabricated. 7 Subsequently, the remarkable photonic properties were also found in this two-dimensional (2D) material, including optical polarization, 8 electro-optical modulation, 9 nanospaser, 10 and photodetection. 11 The unique optoelectrical performance of graphene is attributed to the ultra-high charge carrier mobility, ultra-wide spectral range, and flexible external control. 12, 13 In particular, graphene is attractive to support SPPs in terahertz and mid-infrared regions, which has been investigated numerically and experimentally in the graphene architectures such as graphene arrays and ribbons. [12] [13] [14] [15] [16] Nowadays, graphene plasmons (GPs) are considered as a promising cutting-edge technology for strong light-matter interactions due to the special properties (e.g., beyond the diffraction limit and light field enhancement) like noble metals. 17 Especially, SPPs generated in graphene have presented the favorable characteristics, such as the extreme field confinement, relatively low dissipative loss, and dynamic tunability, making GPs a remarkable alternative to metal-based plasmonics. 13, 18 Vakil and Engheta found that graphene could act as a one-atom-thick platform for the SPP propagation and manipulation, which paved a new avenue toward high-integrated graphene circuits. 19 Li et al. investigated the transport property of graphene surface plasmon polaritons on curved graphene substrates. 20 Popov et al. investigated the giant amplification and lasing of THz radiation using the generation of plasmons in graphene with a distributed planar Bragg resonator. 21 Yan et al. experimentally demonstrated the plasmons in a grating coupled graphene monolayer with a resonator cavity. 22 Kukhtaruk et al. investigated the interaction of THz radiation with the graphene plasmonic structure with a submicron metallic grating. 23 However, the major challenge facing us is the efficient coupling of SPPs in graphene sheets due to the large wavevector mismatch between incident light and GPs. [24] [25] [26] [27] The experimental coupling and observation of GPs in unpatterned graphene were demonstrated successfully by using scatteringtype scanning near-field optical microscopy. 24 The metal antennas and taper bulk semiconductor materials were also adopted to couple the incident light to GPs. 25, 26 To satisfy the wavevector matching condition, the 2D grating substrate was also proposed to excite plasmonic modes in graphene. 27 Even so, the feasible schemes are still rare for the assistant excitation of the SPP propagation in graphene. It is particularly necessary to explore more methods to efficiently couple and guide GPs for the broader applications of graphene in the photonics field.
In this paper, the SiO 2 nanowires are utilized to couple the mid-infrared light into GP modes and excite the plasmonic propagation in the unpatterned graphene on the SiO 2 / Si substrate. The numerical simulations illustrate that the selective excitation of plasmonic modes in graphene is a)
Author to whom correspondence should be addressed. Electronic mail: hualu@nwpu.edu.cn determined by the width, pitch, and refractive index of nanowires as well as the layer number and Fermi level of graphene, which agree well with the analytical results. These physical parameters also contribute to the tunability of the spectral widths of plasmonic modes. The SPP propagation in the graphene sheet can be directly generated by normally incident light and modulated by adjusting the graphene Fermi level, which may find applications in the nanoscale manipulation of GPs.
II. STRUCTURE AND MODEL
As shown in Fig. 1 , the proposed structure is composed of a graphene layer and a SiO 2 layer deposited on the Si substrate. The SiO 2 layer as a spacer can effectively prevent the direct contact between the graphene and the Si substrate. The left part of the SiO 2 spacer is etched into nanowires, on which the light is incident with an angle h. The monolayer graphene can be characterized by a complex-valued surface conductivity r g , which can be described by the Kubo formula. [28] [29] [30] The surface conductivity is expressed as: r g ¼ r intra þ r inter . r intra corresponding to the intraband electron-photon scattering can be described by
Here, e is the electron charge, E f is the Fermi level of graphene, x is the photon frequency in vacuum, h is the reduced Planck's constant, k B is the Boltzmann's constant, T is the temperature, and s stands for the relaxation time due to charge carrier scattering. When hx ) k B T and jE f j ) k B T, r inter corresponding to the interband transition can be written as
In graphene, s depends on the carrier mobility l and can be expressed as
). Here, the Fermi velocity v f is set as 10 6 m/s. 30 The previous report showed that l > 2 Â 10 5 cm 2 V À1 s À1 could be obtained in high-quality suspended graphene. 31 The carrier mobility of graphene on the Re
Here, m denotes the diffractive order. k 0 ¼ 2p/k is the freespace wavevector of incident light with the wavelength k.
]/P is the average wavevector of the SPP mode in the graphene sheet. b eff,1 ¼ k 0 n eff,1 and b eff,2 ¼ k 0 n eff,2 are the wavevectors of plasmonic waves in graphene on air and Si spacers, respectively. n eff,1 and n eff,2 are the effective refractive indices of plasmonic waves in graphene on air and Si spacers, respectively. Due to the fast carrier diffusion and the small nanowire period, the carrier distribution in graphene is considered to be nearly uniform. 27 Derived from the Maxwell's equations and boundary conditions, the dispersion relation of GPs can be expressed by
where k u , k d , and k s stand for the transverse propagation constants in air, SiO 2 , and Si, respectively. e u , e d , and e s are the relative permittivities of optical materials above and below the graphene layer and the Si substrate, respectively. n eff is the effective refractive index of graphene SPP modes. 33 In the mid-infrared region, the relative permittivities of Si, SiO 2 , and air are set as 11.7, 3.9, and 1.0, respectively. 18 According to the equations, the SPP wavevector is determined by the surface conductivity and surrounding materials of graphene. By solving the above equations, we can effectively predict the wavelength position of the excited plasmonic modes, not the spectral response and field distributions in the structures.
III. SIMULATION AND ANALYTICAL RESULTS
P ¼ 140 nm, d ¼ 100 nm, and h ¼ 0 are assumed to investigate the optical response of graphene/nanowires configuration. The results can be numerically achieved by the finite-difference time-domain (FDTD) simulations (software package from Lumerical). In the simulations, the uniform mesh is adopted along the x axis, and the mesh step is 5 nm. The nonuniform mesh is applied along the y axis, and the maximum mesh step is set to be 5 nm for good convergence of numerical calculations. The plane wave with an x-polarized electric field is incident in the positive direction of the y axis. Here, we employ the 2D FDTD simulation to achieve the optical response in our structures, which is generally used for the calculations of plasmonic grating structures. 18, 34 The 2D simulations could effectively avoid the huge computer memory and time-consuming requirement of 3D simulations. The perfectly matched layer (PML) absorbing boundary condition is employed at the top and bottom of computational space. The optical parameters of the graphene monolayer can be described by the equivalent relative permittivity, which is dependent on the surface conductivity: e g ¼ 1 þ id g /(xe 0 D). 18, 19 Here, the thickness D of graphene is reasonably set to be 0.345 nm. As shown in Fig. 2(a) , the transmission spectrum of the graphene/SiO 2 nanowires/Si structure exhibits two obvious dips at the wavelengths of 5.16 and 7.07 lm, where the absorption of graphene is not zero. The transmission dips disappear in the structure without the SiO 2 nanowires. The electric field distributions in the insets show that the plasmonic modes are excited in the graphene-nanowires structure at the wavelength of 5.16 and 7.07 lm. The SPP coupling in graphene is attributed to the combination of graphene and nanowires. More specifically, the periodically modulated effective refractive indices of plasmonic waves in graphene on air and silica spacers can effectively compensate the wavevector (or phase) mismatch between incident light and GPs. 27 The first-and secondorder GP modes (‹ and ›) correspond to m ¼ 1 and 2.
To explore the GP coupling and propagation, subsequently, the 5.16 lm plane wave is normally incident on the structure in Fig. 1 . As depicted in Fig. 2(b) , the electric field E x is distinctly enhanced in graphene on the nanowires/substrate and possesses the exponential decay along the graphene in the direction denoted by the blue arrow. Thus, the SPP propagation in graphene is dynamically established, as shown in the inset of Fig. 2(b) . The effective refractive index of the SPP wave in graphene on SiO 2 can be approximated as Re(n eff ) ¼ ie 0 (e d þ e u )c/r g , which is 85.72 at the wavelength of 5.16 lm. Thus, the SPP wavelength is calculated to be 60.2 nm, which agrees well with the simulation result of k SPP ¼ 60 nm in Fig. 2(b) . The SPP propagation distance is at the level of 1 lm ($16k SPP ), which is long enough to find applications in nanoscale modulators 35 and slow light. 18 Subsequently, we investigate the dependence of the wavelengths of GP modes on the width d and pitch P of SiO 2 nanowires. Figure 3(a) shows the transmission spectra with different d when P ¼ 140 nm, E f ¼ 0.5 eV, and h ¼ 0. The first-and second-order SPP modes possess a nearly linear blue-shift with the increase of d, as shown in Fig. 3(b) . The numerical simulations are in good agreement with the analytical results obtained by the above equations. The transmission spectral response with different P is depicted in Fig.  3(c) . Both analytical and numerical calculations illustrate that the wavelengths of GP modes linearly increase with P, as shown in Fig. 3(d) . Meanwhile, the transmission spectral width is sensitive to the width and pitch of SiO 2 nanowires.
Furthermore, we study the influence of the refractive index n d of nanowires on the spectral response and the SPP wavelength. transmission dips of the first-and second-order modes. The dip wavelengths obtained by FDTD simulations agree well with the analytical wavelengths of graphene SPP modes. Particularly, the plasmonic response of graphene is dependent on the graphene layer number (N). The conductivity for N-layer graphene can be set as Nd g . 36 Thus, the transmission spectra with different graphene layer numbers are achieved by the numerical simulations, as shown in Fig. 4(c) . It is found that the transmission dip possesses a decrease and blue-shift with increasing N. The plasmonic coupling is more efficient for the multi-layer graphene. 36 From the above analysis of GPs, it can be derived that the effective refractive index of the GP mode is in inverse proportion to N. Thus, we can employ the analytical equation y ¼ a/x þ b to fit the dip wavelengths and find that the fitting line is in good agreement with the simulation results. The units of dip wavelengths are set to be micrometers, and the fitting parameters are a ¼ 4.35 and b ¼ 2.77. We also find that the full width at half-maximum (FWHM) of the resonant spectrum decreases with increasing N, as shown in Fig. 4(d) .
Different from metal-based SPPs, GPs exhibit the dynamic tunability via controlling the external condition. It is worth noting that the Fermi level E f of graphene could be adjusted feasibly by changing chemical doping or exerted gate voltage. Here, the coupling of GPs in the graphene configuration is investigated under the condition of different E f . It is found that the operating wavelength possesses a red-shift with increasing E f , as shown in Fig. 5 . The FDTD simulations agree well with the analytical results. The spectral width of the transmission dip gradually decreases when E f increases, which is not shown here. Additionally, the dependence of the GP resonant spectrum on E f provides a meaningful scheme for the realization of nanoscale optoelectrical devices, such as modulators. For example, if E f is assumed to be 0.5 eV, the plasmonic mode cannot be effectively coupled at 4.7 lm in the graphene nanostructure with P ¼ 140 nm, d ¼ 100 nm, and h ¼ 0. When E f is changed to 0.6 eV, the plasmonic wave can be dynamically excited in the graphene/SiO 2 nanowires/Si and propagate along the graphene sheet on the SiO 2 /Si substrate without nanowires.
IV. CONCLUSION
In summary, the graphene/nanowires/substrate nanostructure is proposed to significantly excite the SPP propagation in unpatterned graphene at mid-infrared wavelengths. Both the simulation and analytical results illustrate that the coupling wavelength of the excited SPP wave in graphene are flexibly selective and tunable by adjusting the width, pitch, and refractive index of nanowires, as well as the graphene layer number and the Fermi level. These parameters can also be utilized to control the spectral widths of plasmonic modes. The SPP wave generated by normally incident light can dynamically propagate in the graphene sheet. Our results could find applications in the efficient manipulation of mid-infrared light and the realization of optoelectrical devices such as nanoscale modulators.
